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In electric vehicles, the battery pack is deemed to reach the end-of-life (EoL) when the 
capacity of the lithium-ion batteries (LiBs) drops below 80% of their nominal capacity. This 
leads to an emerging market of reuse and repurposing of retired LiBs in less power 
demanding applications. However, longevity, safety, higher performance and system 
warranty are the requirements of such a novel market and detecting batteries degradation 
level and their “real” EoL in the second-life applications before recycling is paramount. Here, 
we present a combination of diagnosis methodologies applied on large-size pouch LiBs from 
a dismantled first-generation Nissan Leaf retired battery pack, cycled with different 
accelerated ageing cycling procedures. While the capacity-based state of health is limited, the 
degradation modes and the “real” EoL were successfully detected by the incremental capacity 
analysis (ICA) and infrared (IR) thermal techniques. The ICA and IR measurements can be 
utilised to detect quantitative changes or different qualitative spacious non-uniform ageing 
changes over the large-size LiB’s surface. Moreover, these methodologies represent an 
important first step for “real” EoL prediction a hundred cycles earlier and can be applied on 
large-size pouch cells with different chemistries in second-life applications. 
                                                 
 
Page 1 of 18
https://mc04.manuscriptcentral.com/jes-ecs









































































Lithium-ion batteries (LiBs) are ubiquitous in our daily life, from electronic devices to 
electric vehicles (EVs). In recent years, the EV and hybrid electric vehicle (HEV) market has 
grown several folds to decarbonisation. Besides, the battery's second-life market is emerging 
from the retired EV which represents the first step before the ultimate recycling and materials 
recovery. In vehicular application, when the end-of-life (EoL) is reached, around 80% of the 
batteries capacity remained and can be reused in less power demanding applications such as 
energy storage system (BESS) for domestic or industrial applications.1 To enable this market 
for second use batteries,2 it is necessary to demonstrate the capability of such batteries in real-
world scenarios, validating their longevity in these applications is critical. The potential of 
second-life batteries lies in their state-of-health (SoH) or remaining useful life.3 A work has 
already been reported on the characterisation of the vehicular life up to the EoL.4 It is 
essential to conduct several studies to ascertain the viability of this market in all aspects. 
More importantly, the degradation beyond EoL should be monitored to establish a safety 
threshold for risk mitigation before recycling.  
The health of a battery deteriorates over time due to both cycling (application-based), 
calendar aging, intrinsic and extrinsic parameters, such as the temperature. To trace these 
parameters, many sensor technologies have been developed. The electrochemical impedance 
spectroscopy (EIS) is used to monitor the intrinsic resistance growth that strongly depends on 
the state-of-charge (SoC) and temperature.5 This enables the development of an equivalent 
circuit model (ECM) for the assessment of the battery Ohmic resistance, the charge transfer 
resistance, the diffusion and the electrode degradation. Different ECMs have been proposed 
in the literature, including the adatom model and the single-particle model.6, 7 Generally, the 
SoH of a battery is mainly based on capacity tracking.8 Whilst capacity-based SoH methods 
yield approximately accurate results, the measurements are time-consuming as the process 
requires the battery to be fully cycled, using the constant current and constant voltage 
methods. 
The incremental capacity analysis (ICA) and differential voltage analysis (DVA) are non-
destructive techniques (NDT) that give more reliable and effective information on 
degradation at electrode levels capable of identifying battery ageing mechanisms with a high 
degree of fidelity.9-11 The underlying degradation mechanisms of LiB include loss of active 
material (LAM), loss of lithium inventory (LLI), accelerated growth of surface electrolyte 
interphase (SEI), alteration of the surface areas of the electrodes especially on the anode, 
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volume expansion of the active material of the electrode, structural modifications of the 
cathode material, manganese dissolution and lithium plating.12-14 
Infrared (IR) thermography could be a useful NDT for temperature field measurements over 
the battery surface.15-19 For LiBs, IR thermography was mostly used to validate calculated 
temperature over the LiBs surface obtained using electrochemical-thermal or electro-thermal 
coupled models with experimental measurements on the pristine LiBs.20-23 During the cycling 
of large-size LiBs, there could be variations of voltage, transverse current density and local 
SoC over LiB’s surface even for a brand-new battery.24, 25 These variations together with 
battery dimensions, operating temperature and C-rate lead to the non-uniform local heat 
generation rates, non-uniform temperature distribution and in-plane temperature gradients for 
large-size pouch batteries which increase with battery ageing, especially in the second-life 
applications. This will lead to battery ageing non-uniformities and increased local resistance 
over the battery surface as well as localised hot-spots and severe temperature gradients.26, 27  
Up to date, the literature on LiBs for second-life applications is sparse and the investigation 
should be conducted step by step.28 It is therefore strongly recommended to establish baseline 
studies of the SoH that should not as usual merely address the capacity and the resistance but 
a number of the safety aspects including the thermal aspects etc. In both EV and post EV 
lives, different aging mechanism modes will lead to the ultimate failure of the battery. These 
failure modes include resistance increase, SEI layers thickness increase, manganese 
dissolution at the cathode, lithium plating, etc. These degradation signatures are capable of 
causing non-uniform current distribution that can be associated with different heat generation 
over the battery surface. The detection of these thermal variations can be strictly correlated 
with the aforementioned failure modes. In this work, we have presented and compared 
different methodologies (capacity-based SoH, ICA, and IR thermography) with the potential 




In this study, two disassemble batteries from the first generation Nissan Leaf module (lithium 
manganese oxide (LMO) with lithium nickel oxide (LNO) cathode and graphite anode) were 
employed to assess their longevity in second-life applications. The module contains four 
batteries and the batteries tested were positioned in the middle of the module. The batteries 
were characterised (capacity, ICA, and thermal imaging) after disassembly and each one is 
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subjected to a different accelerated ageing procedure. The specifications of both batteries are 
displayed in Table 1. 
 
Table 1. Specification of the batteries cycled with different cycling procedures 
 Qnom/Ah Vnom/V Energy 
densitynom/whkg-1 




32.5 3.75 157 
27.9 85.8% 
2902167 787 
CP2 27.7 85.2% 
 
Cycling Procedures 
The first cycling procedure (CP1) consists of charging with a constant current (CC) of 55A 
slightly above the threshold of 4.2 V to 4.4 V, upon reaching 4.4 V it is not allowed to enter 
into the constant voltage (CV) phase but rather relaxed for 2 hours. To complete the cycle, 
the battery is then discharged to 3.6 V followed by a CV phase of 30 minutes and 1-hour 
relaxation. 
In the second cycling procedure (CP2), the battery is charged to 4.4 V with a CC of 55A and 
then held at a CV of 4.4 V until the current drops to less than C/20 (i.e. I < C/20). The battery 
is then allowed to rest for 2 hours followed by a CC-CV discharge to 4.2V and another rest 
for 2 hours. Finally, the battery is further discharged to 3.6 V based on CC-CV and rests for 2 
hours before the subsequent cycle ensue. This is done to identify the key stress-induced 
degradation process that occurs when batteries are operated under conditions of cycling rate 
that are outside the nominal operating regimes. Both experimental procedures (CP1 and CP2) 
were conducted in an environmental simulation chamber (Binder GmbH) at 25C. 
It is worth noting that CP1 can be considered as a mild overcharge regime where according to 
our hypothesis, SEI growth will lead to local resistance increase, cathode delithiation and 
eventually lithium plating should be expected. Conversely, CP2 can be considered as severe 
degradation related to overcharging, including SEI and hence resistance growth, electrolyte 
decomposition can be expected in addition to lithium plating and manganese dissolution that 
should be responsible for a collapse of the cathode material crystal structure.29-32  
Reference Performance Test (RPT) 
After every 50 cycles, basic RPT (capacity and thermal imaging) was performed which 
comprises capacity and thermal imaging. For the capacity check, the battery is cycled using 
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CC-CV (using 50 A) and the capacity is measured. For thermal imaging, the battery 
temperature is measured by the thermal camera (FLIR A655 sc) within the environmental 
chamber during the discharge cycle. The battery surface was painted by Tetanal Camera 
Varnish Spray/Black paint, with a measured emissivity value of 0.96 to eliminate reflection. 
A customised battery holder made from POM-C acetal solid plastic material and aluminium 
plates is used to keep the battery stable during imaging and facilitate connection with the 
tabs. 
 
Results and Discussion 
State of health 
Figure 1 depicts the voltage versus capacity obtained upon discharge under the RPT for two 
cycling procedures and the state of health (SoH) for both batteries. As observed, both 
capacity and voltage decrease with the cycling numbers and the rate of changes in capacity 
and voltage can be associated with the difference in cycling protocols.  
 
Figure 1. Discharge profiles under thermal image investigation: (a) voltage versus capacity at 
constant current using the first cycling procedure (CP1), (b) voltage versus capacity at constant 
current using the second cycling procedure (CP2) and (c) capacity-based SoH for both batteries. 
For SoH (Figure 1c), after 500 cycles, 87.12% of capacity is remaining in the battery cycled 
with CP1 compared to that of CP2 that has reached its knee at 250 cycles, with only ~30% 
capacity left after 300 cycles. It should be noted almost the same SoH at 200 and 450 cycles 
for CP2 and CP1, respectively. Here the SoH is the ratio in percentage between the capacity 
at any time during aging to the capacity at the beginning of the second life. 
Incremental capacity analysis 
The incremental capacity analysis (ICA) is a useful technique that transforms the voltage 
plateau into visible ±dQ/dV peaks/valleys. Like potentiostatic related curve, where each 
peak/valley provides information upon intercalation mechanisms that describe biphasic 
regions, associated with phase transition during charge/discharge processes. The position of 
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peaks/valleys is a distinctive signature of electrode materials. Usually, this technique is 
performed at a low C-rate. When performed at a higher C-rate up to 4C as in33, 34, the 
resolution can be improved by filtering to obtain reasonably correct and acceptable ICA 
peaks/valleys position. 
The change in capacity upon aging can be strongly related to the change in the loading ratio 
(LR) and offset (OFS). The LR is the capacity ratio between the negative electrode (NE) and 
the positive electrode (PE) and its variation during aging is responsible for severe 
deterioration processes. The degradation caused by the variation of LR during aging can be 
associated with the loss of active material (LAM) during lithiation LAMLiPE and LAMLiNE of 
the positive and negative electrode respectively. Conversely during de-lithiation to LAMdePE 
and LAMdeNE for the positive and negative electrode respectively. Alternatively, the OFS is 
the shift between PE and NE created during the formation of the irreversible protective SEI 
layer that clearly describes the lithium loss inventory (LLI) involved in the aging 
mechanisms.35-40 
 
Figure 2. Typical incremental capacity analysis as processed with noise, the insert depicts the area at 
3.8 V and 3.65 V. 
Figure 2 represents a typical incremental capacity curve for both filtered (solid line) and non-
filtered (dots) with two distinctive ‘valleys’ around 3.8 V and 3.65 V, which areas are marked 
A and B, respectively. Here a Savitsky-Golay filtering technique was used for filtering 
purposes .41 Figures 3 and 4 show the evolution of valleys (A and B) upon ageing for CP1 
and CP2 cases, respectively. The height of the ICA valley around 3.8 V is greater than that of 
3.65 V at zero cycle for CP1 and then gradually decreasing during ageing, while that of the 
valley at 3.65 V is increasing. In addition, the valley at 3.8 V shifts toward higher voltage 
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with aging up to 350 cycles and later shifts back toward lower voltage between 350 to 500 
cycles. No obvious shift is observed for the valley at 3.65 V. 
For CP2 (Figure. 4), the evolution of the height of the ICA valley around 3.8 V is 
monotonously greater than that at 3.65 V between 0 to 150 cycles with no apparent shift. 
However, the valley shifts slightly toward lower voltage up to 200 cycles before shifting back 
to the initial position at the end of 250 cycles. These valleys (Figure. 4) have disappeared 
completely on reaching 300 cycles and a new valley has appeared around 3.35 V. This 
indicates both the loss of active material and the lithium loss inventory involved in the aging 
at 300 cycles.3 
 
Figure 3. Incremental capacity analysis curves (non-filtered (dots) and filtered (solid line)) of the 
battery under the first cycling procedure (CP1) for various cycles (N). 
 
Figure 4. Incremental capacity analysis curves (non-filtered (dots) and filtered (solid line)) of the 
battery under the second cycling procedure (CP2) for various cycles (N). 
To further analyse the ICA curves, the areas of A and B are evaluated and plotted against 
cycle number in Figure 5. Their evolution with cycle number and the linear fit is shown in 
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Figures 5a and b for CP1 and CP2, respectively. For CP1, area A decreases quickly with 
cycle number up to 150 cycles followed by a slow and almost linear decay from 200 cycles 
onwards. However, area B increases up to 200 cycles before linearly and slowly decays 
afterward. For CP2, the behaviour of areas A and B is completely different as observed in 
Figure 5b. Here area A increases for the first 50 cycles and then decays linearly and rapidly 
after 50 cycles. Moreover, area B did not show a linear trend but bell-like type behaviour 
with a maximum of around 150 cycles. The evolution of area A and area B for CP1 and CP2 
are shown in Figures 5c and d, respectively. The maximum value for area B is observed 
around 200 and 150 cycles for CP1 and CP2, respectively. 
 
Figure 5. Evolution of areas A and B and their linear fit with cycle number in CP1 (a) and CP2 (b), 
(c) comparison of area A in CP1 and CP2, and (d) comparison of area B in CP1 and CP2. 
In Figures 3-5, LLI and LAMs are occurring concomitantly in addition to conductivity loss 
(CL) since the investigation is beyond EV life and it is not straightforward to decouple these 
phenomena.36, 42, 43 The valley around 3.6 V is mainly influenced by the negative electrode 
and indicates the limiting electrode at the end of discharge, whereas the valley at 3.8V 
reflects the main phase transformation on the positive electrode.37, 44 Thus, area A and B 
involve with LAMPE and LAMNE, respectively, combined with CL. The resistance growth 
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due to increase thickness of the SEI layer responsible for LLI and possible dissolution of 
transition metal.45-48 In addition, the downturn observed in Figure 5d may be indicative of 
lithium plating.36, 49 A slow rate of lithium plating is expected for CP1 if any compared to 
CP2 which shows rapid decreases that lead further to the disappearance of the valleys. The 
new valley observed at 3.4 V for 300 cycles can be attributed to the destruction of the crystal 
structure induced by the dissolution of transition metals or the appearance of new phases or 
both. 
 
Thermal behaviour of aged LiBs 
For the analysis of temperature field change over the batteries’ surfaces, two methods for 
ageing non-uniformity assessment are proposed based on the IR thermography. The first one 
is the standard deviation of temperature (T) over the battery surface and the second one is 
the analysis of the temperature rate over time (dT/dt) maps. The latter can show more ageing 
non-uniformity compared to temperature over surface analysis because local heat generation 
rates are more visible on dT/dt maps. Stemming from the noise elimination of measured 
temperature, every surface point temperature over time is approximated with 5th order 
polynomial and dT/dt maps over the discharging time were generated. Obtaining uniform 
temperature over the surface of the battery prior to measurement is not trivial. During 
measurements, it was observed that the temperature difference over the battery surface at the 
beginning of discharge was in the range of 0.5C and 1C. To eliminate such temperature 
difference at the surface points, we have employed the relative temperature (Trel) which can 
be expressed as: 
 𝑇𝑟𝑒𝑙(𝑥, 𝑦, 𝑡) = 𝑇𝑚(𝑥, 𝑦, 𝑡) − 𝑇𝑚(𝑥, 𝑦, 0) (1) 
where Tm(x,y,t) is a measured temperature in time t at a point with image coordinates x and y 
and Tm(x,y,0) is a measured temperature at the same point at time t=0. Using the relative 
temperature, the standard deviation of temperature over the battery surface is expressed as: 
 
𝜎𝑇(𝑡) = √








where Tavg(t) is the relative average surface temperature at time t. 
Figure 6 shows the relative temperature, its rate of change and the standard deviation of 
temperature as a function of charging time as well as the thermal maps of the relative 
temperature and its rate of change for discharging times at the beginning (60 s), in the middle 
Page 9 of 18
https://mc04.manuscriptcentral.com/jes-ecs







































































(900 s) and at the end (1800 s) of discharge. It is seen that difference between points’ dT/dt 
values is more obvious than the difference between points’ temperatures. 
 
Figure 6. (a) Trel and dT/dt at the battery surface three points and T over the surface during 
discharging, (b) Trel and dT/dt maps and T at 60 s, 900 s and 1800 s discharging times. 
 
Figure 7 shows the calculated standard deviations of the temperature over the surface (T) for 
both cycled cells as a function of cell voltage. For CP1 (Figure 7a), two different trends of the 
T curve are identified. The first trend of the T curve is identified for the number of cycles 
(N) between 0 and 150 and the second one is observed between 200 and 500 cycles. Also, for 
N = 0 and N = 250 higher T value can be noticed at voltages from the beginning of 
discharging to 3.6 V. This increase can be explained with different contact resistances 
between lead wires and tabs connections and it will be presented in dT/dt maps section. For 
CP2 (Figure 7b), T values at the end of discharging are significantly higher compared to 
lower cycle numbers. At the beginning of discharging T value is decreasing with the cycling 
number for both cases and this difference is more obvious for CP2 (Figure 7b). 
Figure 8 depicts the comparison of T and dT/dV at the beginning of cycling (0 cycle). As 
noted in Table 1, these cells had very similar capacities and positions in the module before 
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cycling. Because of that, it is expected that their ageing state should be very similar. The first 
cell (later cycled with CP1) had higher T over the whole voltage range compared to the 
second cell (later cycled with CP2). Following dT/dV graphs, we can conclude that the T 
difference is caused by higher dT/dV values at the beginning of discharging for the first cell 
compared to the second cell. Between 3.8 and 3.5 V, dT/dV values are almost identical. Four 
peaks on dT/dV graphs are identified and labeled as P1, P2, P3, and P4, as indicated in 
Figure 8. 
 
Figure 7. (a) T versus voltage for cell cycled with CP1 cycling procedure and (b) T versus voltage 
for cell cycled with CP2 cycling procedure. 
Figures 9 and 10 present dT/dV as a function of voltage graphs for cells cycled for CP1 and 
CP2, respectively. The Savitsky-Golay algorithm is used for filtering purposes. The graphs 
shown are for a specific number of cycles at which changes are observed on the graphs from 
Figure 5. It is worth noting that the second peak P2 as indicated in Figure 8 is hardly seen in 
Figure 9 or distinguished from 0 to 150 cycles and it started to rise from 200 cycles onward. 
The P2 peak is obvious and increases significantly for 250 or higher cycles. Also, the rise of 
the peak P3 from 250-500 cycles is apparent. 
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Figure 8. T and dT/dV for the cells before cycling (N = 0). 
 
 
Figure 9. dT/dV graphs (non-filtered (dots) and filtered (solid line)) for the cell cycled with CP1 
cycling procedure. 
 
For CP2 (Figure 10), the first peak P1, as indicated in Figure 8, slightly decreases with the 
cycle number and the rapid rising of peak P2 after N=150 is observed. After 200 cycles, it is 
visible that peak P2 is higher compared to peak P1, and such a change in battery behaviour 
happened after only 50 cycles. The same trend is observed after 250 cycles where P2 
increased and P1 decreased even more. It should be stated that after 300 cycles, the SoH for 
CP2 cycled cell drop to only ~30%. Clearly, some significant changes in the battery material 
happened which caused a change in the thermal behaviour of the CP2 cycled battery after 200 
cycles. 
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Figure 10. dT/dV graphs (non-filtered (dots) and filtered (solid line)) for the cell cycled with CP2 
cycling procedure. 
In Figure 11, normalised maps dT/dt over the surface by dT/dtmax over surface value for the 
cycled cells are presented, where dT/dtmax on the maps has a value of 1. Figure 11a shows the 
calculated maps at the beginning of the discharging (60 s). During that instance, the 
convective and radiative cooling can be neglected because of the very small difference 
between surface and ambient temperatures. There are only influences of the local heat 
generation rates and conduction on dT/dt maps as well as the heat generation rate from the 
current collecting tabs. For CP1, dT/dt maps have not changed significantly during cycling. 
For CP2, there is a noticeable change over the battery surface after 100 cycles and there is a 
significant change with increased map’s values near the left, right and bottom battery edges 
after 200, 250 and 300 cycles. Figure 11b shows calculated maps at the end of discharging 
(10% of SoC). Here, dT/dt map’s hot-spot position is a result of local heat generation rate, 
convective, radiative and tabs’ cooling and conduction. From Figure 11b, it can be seen for 
CP1 that the hot spot has a regular circular shape and it is moving upwards with the number 
of cycles. For CP2, the hot-spot shape is more trapezoidal during the first 150 cycles and 
there are more cooling influences from the top of the cell (tabs) for both cells. After 200 
cycles, dT/dt map shape changed dramatically and after 250 cycles there are more cooling 
influences from the bottom of the cell. After 300 cycles there is more cooling from the tabs 
because discharging time was reduced dramatically, and tabs’ temperature is significantly 
lower compared to the previous cycling numbers. 
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In Figure 12, dT/dtmax values over the battery surface are presented. At the beginning of 
discharging, the area below the tabs will be heated more by the heat produced in tabs than 
from the heat generated in battery active material.18, 22 The resistance in the active material 
will increase with ageing, causing an increase in the heat generated in the active material, and 
the total heat rate (from the active material and the tabs) should increase with the battery 
ageing. It is seen that for CP1 at N=0 and 250 cycles and for CP2 at N=100 cycles, dT/dtmax 
values are higher at the beginning of discharge compared with adjacent cycling numbers. 
Because the same current is used during check-up procedures, these increased dT/dtmax values 
can be explained with higher contact resistances between the tabs and lead wires during these 
measurements. 
It is clear from the above results that the SoH based capacity does not elucidate the 
degradation mechanisms. However, the ICA technique allows detection at the level of the 
electrodes of different degradation mechanisms including LLI, LAMs and lithium plating. In 
CP2, prolong exposure at 4.4V accelerated the electrolyte decomposition as opposed to CP1 
and this increases SEI formation. Here the degradation of the electrolyte impacted ionic 
mobility as well as ion diffusion. Consequently, lithium-ion is deposited in the SEI which in 
turn increases the local resistances. We also believe that lithium plating will start to occur, 
and the overall process would generate non-uniformity in resistances and non-uniform 
current distribution and hence selective conduction pathways due to SEI thickness and loss in 
materials conductivity. Besides, results obtained by the two proposed IR techniques (d/dV 
and dT/dt maps) show that the thermal behaviour of these batteries was quite different during 
ageing and are in support of the ICA. These thermal maps highlight the significance of 
nonuniform current distribution. Both IR techniques methods identified a significant change 
in the thermal behaviour of CP2 cycled battery after 200 cycles and while d/dV detected 
quantitative change of trend line peak P2 (Figure 10), dT/dt maps detected qualitative 
spacious change after same cycling number (Figure 11). Resistance non-uniformity over the 
battery surface influences higher current densities (and higher generated heat) around the SEI 
layer (Figure 11a blue area in the middle), which can be seen in the maps after 200, 250 and 
300 cycles at the beginning of discharge. Also, plated lithium around the battery edges can 
change local thermal conductivities which can cause that heat from the tabs can be conducted 
more around the battery edges than through the middle of the battery at the beginning of 
discharge. All these non-uniformities can greatly contribute to battery failure. 
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Figure 11. Normalised dT/dt maps for the cycled cells (a) at the beginning (60 s) of discharge, (b) at 
the end (10% of SoC) of discharge, which highlights non-uniform heat generation due to non-uniform 
current distribution. 
 




In this work, several NDT methodologies for used EV-batteries that can be implemented in a 
gateway testing procedure on the second-life application before ultimate recycling have been 
investigated. Large-size pouch LiBs from a dismantled first-generation Nissan Leaf retired 
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battery pack have been subjected to different accelerating ageing cycling procedures and the 
eventual faults developed indicating the “real” EoL are detected and evaluated. It is found 
that the cycling protocol is responsible for the degradation pathways that will lead to rapid or 
slow EoL. The capacity-based SoH gave information about capacity fade only. The electrode 
degradation and the “real” EoL were successfully detected by incremental capacity analysis 
and IR techniques. The results of both techniques independently indicate the cycle numbers at 
which the alarming point of these batteries cycled differently occurred and this correlates 
very well. The thermal information obtained from the battery surface temperature standard 
deviation derivative over the voltage and temperature rate over the time maps can be utilised 
to detect quantitative changes or different qualitative spacious non-uniform aging changes 
over the large-size LiB’s surface. These results consolidate and validate the ICA results. We 
think this study represents an important first step for “real” EoL detection that can be applied 
on large-size pouch cells with different chemistries and this is an area ripe for further 
exploration to achieve the full potential of used EV batteries. 
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